INTRODUCTION
The Mixed Lineage Leukemia (MLL) gene is commonly involved in chromosome translocations that cause leukemia.
1,2 MLL-associated leukemias can be myeloid, lymphoid or bi-phenotypic, depending on the partner gene to which MLL is fused. 3 There have been more than 60 different MLL fusion partners isolated to date and in most cases overexpression of a subset of HOX genes is a hallmark of the disease. 4 HOX genes are
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From transcription factors which play an important role during development and hematopoiesis. 5, 6 Humans have 13 paralogous groups of HOX genes clustered on four different chromosomes. Expression of HOX genes is spatially and temporally regulated with 3' genes expressed earlier and having a more anterior boundary of expression. 5 Similarly, expression of HOX genes is tightly regulated during hematopoiesis. Genes located at the 3' end of the cluster are downregulated as CD34+ cells become lineage specific progenitors while 5' genes, like HOXA10, are turned off only after cells progress to the more differentiated CD34-stage. 7 MLL regulates expression of some of the HOX genes at the chromatin level by binding to the promoters and recruiting various transcriptional regulators. [8] [9] [10] However, what happens at the molecular level in the presence of the leukemogenic fusion proteins to cause HOX overexpression is still poorly understood.
Among 6800 genes analyzed by expression microarrays, overexpression of HOXA9 was the most correlative marker of poor prognosis in acute myeloid leukemia patients.
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Immortalization of bone marrow progenitors by the MLL fusion protein MLL-ENL is dependent on the presence of Hoxa9 and Hoxa7genes. 12 Like other HOX genes, the HOXA9 locus gives rise to a number of alternatively spliced transcripts. [13] [14] [15] The precise role of each one of these transcripts is still unclear, but some of them do not code for proteins and are more likely to have a strictly regulatory role. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From initial processing is performed in the nucleus by Drosha. Subsequent transport into the cytoplasm and additional processing by Dicer and helicase give rise to the mature miRNA that is incorporated into the RISC complex, guiding it to the target mRNAs. 16 It is now clear that miRNAs play an important role during development and disease and many of the genes encoding microRNAs are found at sites frequently deleted or mutated in cancers. 17 While the role of miRNAs in various systems is starting to be elucidated, the mechanism by which their expression is regulated is still poorly understood.
We report here the regulation of a miRNA, mir-196b, by wild type MLL as well as For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From
Materials and methods

Cell Lines
Mll wild-type and -/-MEFs and ES cells have been described. 18, 19 Menin wild-type and -/-MEFs were previously described. 20 MLL and MLL-AF4 add back clones were previously described.
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miRNA Detection RNA was isolated using TRI Reagent (Sigma) according to the manufacturer's protocol. Reverse transcription was performed using TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems). Real-time PCR was performed in triplicate on an ABI 7300 machine using Taqman analysis according to the manufacturer's instructions (miR196b probe set 000496, normalized to RNU6B probe set 001093)(Applied Biosystems).
Chromatin Immunoprecipitation Assay (ChIP)
Chromatin Immunoprecipitation Assay was performed using EZ-ChIP Kit (Upstate) according to manufacturer's protocol. Chromatin was immunoprecipitated using antidimethyl H3 K79, anti-dimethyl H3 K4, anti-trimethyl H3 K4 and anti-dimethyl H3 K9
(Upstate) and analyzed by qPCR in triplicate on an ABI 7300 machine using iTaq SYBR Green Supermix with Rox (BioRad). Percentage enrichment was normalized to input DNA and calculated as previously reported. 22 Amplification of the AB region was performed with primers previously described.
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Embryonic Stem Cell Differentiation and isolation of CD41+ cells
Embryonic stem (ES) cells were maintained, differentiated, and day 10 embryoid bodies collected as described previously. 23 
Isolation of hematopoietic progenitors was
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Bone Marrow Cell Sorting
Bone marrow was harvested from wild type C57BL6/J mice using a Loyola University IACUC-approved protocol. After red blood cell lysis, BM nucleated cells were dispersed into a single-cell suspension. 
Retrovirus Production and Colony Assay
Retroviruses were produced as described previously. 24 Bone marrow colony assays were performed as we have previously described with minor changes. 24 Briefly, bone marrow cells were collected from 4-12 week old C57Bl6 mice and c-kit positive progenitors were selected using an Easy Sep Selection kit (StemCell Technologies).
Lineage depleted cells were separated using Negative Selection Kit (StemCell 
Bead-Based miRNA Expression Profiling Assay
A large-scale, genome-wide miRNA expression profiling analysis was performed using a bead-based flow cytometric method. 25 A total of 55 AML primary patient samples, including 29 MLL-associated acute leukemias (10 ALLs and 19 AMLs) and 26
AMLs with other abnormalities, along with 3 normal bone marrow controls were included in the expression assay. To control for data quality, only samples with total miRNA signals equal to or greater than 15000 were analyzed further. All patient samples were obtained with informed consent given, in accordance with the Declaration of Helsinki, with approval of the Institutional Review Board at the University of Chicago.
After normalization, only probes for human miRNAs with maximum expression in any sample being greater than or equal to 7.25 were retained for further analyses. TIGR Multiple Array Viewer software package (TMeV version 4.0) was used to perform data analysis and to visualize the results. 26 The details of this assay were reported elsewhere.
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Myeloid and B-Cell Differentiation Assay
Bone marrow cells harvested after one week culture in the methylcellulose colony assay (see above) were used for the differentiation assays. 35,000 mir-196b or vector- FBS, 1% Pen/Strep. Wells were supplemented either with 10ng/ml of GM-CSF (myeloid) or 10ng/ml of IL-7 and 10ng/ml of FLT3L (B cell). After five days cells were stained with APC conjugated CD117 and PE conjugated CD11b or PE conjugated B220
antibodies. Percentage of cells expressing these surface markers was determined using flow cytometry.
Results
MLL-dependent expression of mir-196b
MLL is a known regulator of HOX gene expression. We have recently described expression of an Mll-dependent transcript from a region highly conserved across species located approximately 4.5kb upstream of the canonical Hoxa9 promoter. 21 Mll protects this DNA region from becoming methylated thus allowing expression of the transcript.
Mir-196b is located in the center of the conserved region and we hypothesized that the transcript encodes the precursor of mir-196b ( Figures 1A and B ). Our initial approach used ligation-mediated PCR to isolate the mature form of mir-196b (data not shown).
While our method was successful, we were not able to determine the expression levels quantitatively. To overcome this problem, we used a microRNA assay specific for mir196b which utilizes TaqMan probe chemistry thus allowing for quantitative measurement. Analysis of mouse embryonic fibroblasts (MEFs), wild type and null for
Mll, showed a 3.5-fold higher level of expression of mir-196b in the presence of Mll ( Figure 1C ). As previously reported and confirmed in our lab (data not shown), canonical
Hoxa9 transcript expression shows a similar Mll dependency. 18 Dependence of mir-196b expression on MLL was further confirmed by exogenous expression of wild type MLL in
Mll-/-MEFs. MLL restored expression of mir-196b in these cells ( Figure 1D ).
The tumor suppressor protein menin was previously biochemically purified as part of an MLL protein complex and subsequently shown to be an essential cofactor in MLL dependent gene expression. 10, 28 Binding of Mll to some of its target genes that have been studied requires menin; absence of menin leads to decreased expression of Mll-target genes, including Hoxa9. 10, 29 Thus, we hypothesized that if mir-196b is regulated by Mll, then the absence of menin should also diminish mir-196b levels. To test this hypothesis
Men-/-MEFs were assessed for mir-196b expression. As predicted, mir-196b expression
in Men -/-MEFs was 4-fold lower than in the wild type counterparts ( Figure 1C ).
Several studies have documented that Mll regulates expression of its target genes at least in part by altering chromatin structure. [8] [9] [10] 30 Previous studies have shown that the SET domain of MLL possesses histone methyltransferase activity specific for lysine 4 on histone H3. 8, 9 Using chromatin immunoprecipitation (ChIP) we investigated histone modifications in the mir-196b region in wild type and Mll null cells. We and others have previously reported binding of endogenous Mll to this region. 21 ,31 Surprisingly, we did not observe any differences in H3K4 methylation between the two cell types ( Figure 1E ).
However, we did notice dramatically higher levels of H3K79 dimethylation in the Mll wild type cells as compared to Mll-/-cells ( Figure 1E ). H3K79 methylation by the protein Dot1 has been linked to active transcriptional elongation suggesting that this mark may also represent transcriptional elongation in the conserved region only in the wild type but not Mll-/-cells. Similarly, levels of mir-196b are decreased up to 14-fold in the absence of Mll. is expressed during ES cell differentiation in a pattern of expression similar to that of Hoxa9 and Hoxa10 ( Figure 2C ). Sharing of cis-regulatory elements has been previously described for genes in the HoxB and C clusters, however it remains unclear if mir-196b
32,33
Mll-dependent mir-196b expression during ES cell differentiation
shares regulatory elements with the neighboring Hox genes or if its expression is controlled by Mll independently of Hoxa9 and Hoxa10.
38,39
For personal use only. Figure 3A and 3B). Additionally, expression of mir196b was also Mll dependent in the CD41 negative population, suggesting that Mll is also required for expression of mir-196b in other cell types and tissues ( Figure 3B ).
Mir-196b expression in hematopoietic progenitors
MiRNA expression patterns vary between cell types. We wanted to examine if mir- 
Mir-196b is overexpressed in the majority of MLL-associated leukemias
To investigate mir-196b expression in primary leukemia patient samples, we utilized bead-based expression profile technology. 27 In this study, we provide several lines of evidence to support mir-196b as a target of MLL regulation. Our previous findings demonstrated that the presence of Mll selectively prevents DNA methylation of a region adjacent to mir-196b which allows for expression of transcripts that are mir-196b precursors. 21 Using a method that detects the mature form
of miRNA, we demonstrate that Mll-/-MEFs express lower levels of mir-196b than wild
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From type cells. We and others have previously shown that the expression of other Mll targets, such as Hoxa7, a9, a10, are also decreased in these cells. 18 One of the components of an MLL protein complex is menin, a tumor suppressor protein often deleted in multiple endocrine neoplasms. 44 Genome wide mapping of menin and MLL binding to chromatin shows that the two proteins are often bound to the same loci. 31 Our data show that mir196b expression is also dependent on menin and that in the absence of menin, mir-196b levels fall to similar low levels as measured in Mll-/-cells. Transfection of MLL or MLL-AF4 into the Mll-/-cells boosts expression of mir-196b to and above wild type levels respectively, which is accompanied by the reversal of DNA methylation. 21 The SET domain of MLL contains histone methyltransferase activity specific for lysine 4 on histone H3 and this function contributes to activation of MLL target genes. 8, 9 Surprisingly, ChIP data does not show any changes in H3K4 methylation between wild type and Mll-/-cells in the region surrounding the microRNA. It has been previously noted that trimethylation of H3K4 is a mark usually found close to the transcription start site and it is possible that the mir-196b precursor transcript starts further upstream.
Interestingly, our ChIP data show that the mir-196b region is greatly enriched in H3K79 dimethylation only in the presence of Mll. H3K79 methylation is a mark associated with transcriptional elongation suggesting that Mll is necessary for proper transcriptional elongation in this region. 32, 33 Dot1 is the only H3K79 histone methyltransferase isolated to date. It is still unclear if any of these histone marks are altered in the presence of MLL fusion proteins, however several MLL partners, including AF10, AF9, ENL and AF4
interact with Dot1 in a multiprotein transcription elongation complex with pTEFb. 45, 46 It
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Using in vitro differentiation of wild type and Mll-/-murine embryonic stem cells we show that Mll regulates expression of mir-196b similarly to other 5' Hox genes. These data suggest that Mll regulates mir-196b temporally and studies by Mansfield et al. showed that the paralogous mir-196a is also regulated spatially in a Hox-like pattern during embryogenesis. 47 Considering that a subset of mir-196 targets are also members of the HOX cluster, it is likely that the pattern of mir-196b expression plays a role in finetuning the levels of HOX gene expression. In a developing organism, this mechanism would help generate the boundaries of HOX expression without the need for turning off the genes completely.
Microarray profiles of miRNA expression patterns have shown that mir-196b is expressed at the highest levels in bone marrow and spleen suggesting it has a role in hematopoiesis. 48 Our analysis of c-Kit+ hematopoietic progenitors demonstrates that mir196b is expressed at higher levels in this population than in the more differentiated c-Kit- 
